Selective analysis of molecular states in scanning tunneling microscopy (STM) has so far been achieved in a few cases by tuning the bias range of the STM in high-resolution measurements. Correspondingly, perylene adsorbed in a close-packed monolayer on Ag (110) is imaged mainly through the states of the molecule. By contrast, functionalizing the STM tip with a perylene molecule leads to a mismatch between the energy levels of the STM tip and the molecule adsorbates and, instead, images only the metal states of the underlying silver surface. The observation opens a route for better energy selectivity in electron transport measurements through organic interfaces.
Selective analysis of molecular states in scanning tunneling microscopy (STM) has so far been achieved in a few cases by tuning the bias range of the STM in high-resolution measurements. Correspondingly, perylene adsorbed in a close-packed monolayer on Ag(110) is imaged mainly through the states of the molecule. By contrast, functionalizing the STM tip with a perylene molecule leads to a mismatch between the energy levels of the STM tip and the molecule adsorbates and, instead, images only the metal states of the underlying silver surface. The observation opens a route for better energy selectivity in electron transport measurements through organic interfaces. Organic molecules on metal surfaces have been extensively investigated due to their importance for nanotechnology, electrochemistry, biochemistry, and heterogeneous catalysis [1, 2] . Since 1982, many investigations in this area are performed by scanning tunneling microscopy (STM), which has become one of the most ubiquitous tools in surface science. The continuous refinement of analyzing techniques in STM has made it possible to analyze even atomic-scale electronic properties of adsorbate-substrate systems. A number of investigations have recently focused on selective measurements of individual molecular states or metal states (see, e.g., [3, 4] ). These experiments are of great interest for molecular electronics and nanoscale device fabrication [5] [6] [7] [8] . However, selectively imaging molecular or metal states in STM measurements is usually prevented by the complex coupling of electronic states of metal surfaces, organic adsorbates, and metal tips. To our knowledge, a selective analysis of molecular states on metal surfaces has so far been achieved only in a very few cases by tuning the bias range of the STM. By contrast, functionalizing metal electrodes with organic polymers exhibits a high selectivity, e.g., in electrochemistry [9, 10] . This method also seems suitable to produce functional STM tips, which are sensitive to molecular or substrate electronic states.
In this Letter, we demonstrate by low-temperature STM analysis and density functional theory (DFT) calculations that molecular states of perylene adsorbed on Ag(110) can be directly imaged by a clean tungsten tip. Functionalizing the tip by attaching a perylene molecule to its apex modifies the tip electronic structure. Subsequent changes of the scanning conditions (i.e., bias voltage and feedback current) allow selecting transitions from molecular states of perylene adsorbates or states of the Ag surface. This procedure opens a new route to discriminate between electronic states of organic adsorbates and states of the metal surface.
Our experiments are performed in a combined ultrahighvacuum-molecular-beam-epitaxy and low-temperaturescanning-tunneling-microscopy system. The base pressure in the experiments is below 3 10 ÿ10 mbar. Prior to the adsorption experiment, the silver single crystal is cleaned by repeated cycles of Ar sputtering (1 keV, 20 min) and subsequent annealing at 700 K (20 min). The bare silver surface is imaged before dosing to confirm its cleanliness. Perylene is thermally evaporated at 395 K onto the Ag(110) surface.
Previous low energy electron diffraction (LEED) experiments showed that, on an Ag(110) surface, the local adsorption configuration of perylene molecule does not depend much on the coverage [11, 12] . The coverage of one molecular monolayer (ML) corresponds to about 5:0 10 13 molecules per cm 2 . To isolate the interaction between molecules and the surface from intramolecular interactions, we chose the coverage of 0.6 ML to search for the most optimized adsorption configuration. For technical details of the calculations, see Ref. [13] . In total, twenty possible structures varying in orientations and adsorption sites have been analyzed. We find that the geometry of the molecule leads to an energy penalty of about 0.3 eV, if the central benzene ring is adsorbed on top of the silver rows, and that the molecule is preferably adsorbed with its longitudinal axis parallel to these rows. The physical reason for this behavior is the overlap between the states of the molecule and the electronic states of the surface. In the ground state adsorption geometry, this overlap is maximized, leading to the maximum binding energy. Here we present only the most stable configuration. As shown in Fig. 1(a) , the center of perylene molecule is positioned above an fcc hollow site of the Ag(110) surface. The molecule adopts an orientation in which its long axis aligns parallel to the 1 10 direction of the Ag(110) surface. The adsorption energy per molecule in our calculation is ÿ0:53 eV, which is consistent with thermal-desorption experiments [11] . The weak adsorbate-surface interaction is due to the mismatch of molecular energy levels near the Fermi energy and energy levels of the Ag substrate [17] . Comparing the partial charge density of a perylene adsor-bate on the Ag(110) surface [see Fig. 1(b) ] and an isolated perylene molecule in the vacuum [see Fig. 1(c) ], it can be seen that the molecular states of perylene remain virtually unchanged rather than hybridize with the electronic states of the Ag surface. Figure 2 (a) shows a high-resolution STM image of a perylene monolayer on the Ag(110) surface. Each perylene molecule is imaged as four bright lobes with an apparent height of 1.5 Å . STM simulations indicate that this image is obtained with a clean tungsten tip [see Fig. 2(c) ]. The twist of the molecule in the experimental STM image is probably due to the lateral intermolecular interactions of perylene adsorbates. In a close-packed configuration, the interaction between the hydrogen atoms at separate molecules will become the main component in the energetic stability of the molecular layer. A twist of the carbonhydrogen bonds in this case will distort the bonds of the molecule. Since the molecule is imaged mainly via these states, the molecule itself may appear twisted.
Comparing Fig. 2(c) with Fig. 1(b) , it can be seen that the simulated STM image with a clean tungsten tip is roughly equivalent to the local charge density, i.e., the states, of perylene molecules on Ag(110) surface.
At dilute coverage, there is no long-range ordered structure of perylene adsorbates observed by LEED on the Ag(110) surface [11] . Since the disordered perylene molecules are now far away from each other, a tungsten tip can easily be functionalized by picking up a single perylene molecule from the silver substrate. Since tungsten is less noble than silver, the adsorption energy of perylene on tungsten is substantially higher. The actual adsorption energy of perylene on a tungsten tip will be less than ÿ8 eV, calculated from the adsorption on a flat tungsten (100) surface, due to tip asperities. If only one benzene ring adsorbs to the tip apex, the adsorption energy will be in the range of ÿ1 eV [18] or double the value for the adsorption on Ag(110). Therefore, the tip can be functionalized by scanning the surface at low coverage with a clean tungsten tip and at sufficiently high currents. At the beginning of the STM scanning, the molecules are imaged as protrusions on the surface. After we modify the tip by applying voltage pulses from the STM tip, the STM images change to a different mode. Thus, we conclude that the ensuing STM images are obtained with a different tip. The only option in this case is a tip functionalized by a perylene molecule. Changing the bias voltage and current, this functionalized tip can be used to discriminate the energy levels of perylene adsorbates. As shown in Fig. 3(a) (bias voltage ÿ0:8 V, current 27.5 pA), part of the Ag surface now appears as a protrusion, and the perylene molecules seem to be embedded in the substrate. Figure 3(d) gives a highresolution detail of Fig. 3(a) . Figure 3 Fig. 3(h) , it has vanished in Fig. 3(i) . The reason for this behavior is the onset of the d band on the silver surface, which reaches its maximum density of states around ÿ1:5 eV. At a bias value of ÿ1:5 V, the protrusion in the middle of the molecule disappears, and the STM images reveal only the atomic positions of the silver surface. The images clearly demonstrate the induced functionality of the tip due to the adsorbed molecule. While the states of the molecule at the surface become invisible due to the increased energy difference to the states of the tip, the continuous d band of Ag(110) gradually provides the majority of tunneling electrons. Correspondingly, we also note that varying the adsorption geometry of perylene on the tungsten tip, e.g., by rotating the molecule with respect to the vertical axis or changing the adsorption site, does not affect the results of the STM simulations. This indicates that most of the tunneling current is transported from the attached perylene molecule, while the influence of the tungsten tip configuration is rather small.
To understand the nature of this intriguing effect, we performed a partial charge density calculation for a perylene molecule on a W(100) film [see Fig. 4(a) ]. As shown in Fig. 4(b) , the orbitals of the perylene molecule merge completely with the charge density of the metal surface, which therefore greatly changes the charge density of the clean tungsten tip. The functionality of this tip, i.e., the discrimination of perylene states, is therefore due to the mismatch of energy levels of perylene molecules on the Ag surface and on the modified STM tip.
In summary, we have shown that the electronic states of perylene adsorbates and Ag substrates can easily be disen- 
